Eph receptors and ligands represent two families of proteins that control axonal guidance during development. Recent work has shown that several Eph receptors are expressed postnatally. Because the Eph molecules represent a class of axon guidance molecules that are mainly inhibitory to axonal growth, we investigated whether EphB3 expression was upregulated in both spinal cord and four supraspinal nuclei (locus coeruleus, vestibular, raphe pallidus, and red) 1 week after a complete spinal cord thoracic transection. Injured rats had a significant increase in EphB3 mRNA and protein expression in the spinal cord. The increased EphB3 expression was colocalized with GFAP staining and indicated that astrocytes play a role in EphB3 expression after spinal cord injury. No change in EphB3 expression was seen in supraspinal brain nuclei, which further demonstrated that changes in expression were due to changes in the local microenvironment at the injury site. The expression of EphB3 was colocalized to regions of the CNS that had a high level of EphB3 binding ligands. These data indicate upregulation of EphB3 expression after injury may also contribute to an environment in the spinal cord that is inhibitory to axonal regeneration.
INTRODUCTION
expression changes after CNS injury include NOGO (1,4, 9, 42, 45, 49, 52) , MAG (33) , CSPG (37), semaphorins The expression of specific proteins during develop- (41) , netrins (24), and Eph/ephrins (2,6,25, 28, 35, 54, 55) . ment plays an important role in the guidance of growing
The Eph family of receptor protein tyrosine kinases axons. These proteins may also be important for the and their ligands, the ephrins, are axon guidance prosprouting and elongation of adult axons after injury. Axon teins that provide mainly repulsive cues for axonal path guidance proteins have been shown to use both attractive finding, cell migration, and target recognition (15, 20 , and repulsive mechanisms to guide axonal growth 39, 40, 56) . This role in axonal path finding occurs during (27, 51) . Recently identified axonal guidance proteins inneurogenesis by interaction between Eph receptors and clude the semaphorins (41) , netrins (24), chondroitin sulephrin ligands and resultant autophosphorylation and/or fate proteoglycan (CSPG) (37), myelin associated glycobidirectional signaling mechanisms (5, 15, 26, 34, 39, 53) . protein (MAG) (33) , and Eph/ephrins (6,25).
The expression of various Eph receptors and their ligands Damage to the adult spinal cord can result in permais thought to be temporally regulated with expression nent paralysis because the injured neuronal tissue in the higher embryonically and lower in the adult (8, 32) . Excord does not regrow and make appropriate reconnecamples of axonal pathways dependent on Eph/ephrin tions for functional recovery after injury. The reason that signaling during development include the hippocampospinal cord axons do not adequately regrow and make septal pathway, spinal motor neurons, corticospinal new connections after injury is unclear. Recent work has tract, and retinotectal pathway (3, 10, 13, 14, 21, 22, 50, 53) . suggested that the adult CNS contains factors that create Developmental expression of EphB3 was first shown a nonpermissive environment towards axonal regrowth in the ventricular lining, spinal cord, lung, oral, and na- (17, 47, 48) . Proteins that inhibit axonal growth and whose sal cavity of the embryonic mouse (11) . The functional 280 WILLSON ET AL.
role of EphB3 during development has been demon-surgery and the tissue was then processed as described below. strated, as EphB3 knockout mice have misguided axonal growth in the corpus callosum and incorrect connections Tissue Preparation in the contralateral hemisphere (18, 38) . EphB3 may also Animals were anesthetized with 37.5 mg/kg ketaplay a role in the adult CNS after injury. Previous premine-HCl and 5 mg/kg xylazine then perfused transliminary studies demonstrated upregulation of EphB3 cardially with phosphate-buffered saline (PBS), pH 7.4, after a spinal cord contusion injury (35) .
followed by 4% paraformaldehyde in 0.1 M phosphate The current study investigated the effects of thoracic buffer (PFA), pH 7.4. The brains and spinal cords were spinal cord transection on EphB3 receptor and ligand removed, postfixed for 24 and 48 h, respectively, in 4% expression in both the spinal cord and supraspinal nuclei PFA at 4°C. Tissue specimens were transferred to PBS whose axons pass into and through the injury site in containing 20% sucrose and stored at 4°C until they order to determine whether the EphB3 receptor may were frozen. The tissue was transversely sectioned (14 contribute to the nonpermissive environment for neurite µm) on a MICROM, HM500M cryostat (MICROM Laoutgrowth after injury. Data suggest that upregulation borgeräte, GmbH, Walldorf, Germany) and mounted on of EphB3 expression after injury may contribute to the Superfrost/Plus microscope slides (Fisher Scientific, nonpermissive environment for neurite outgrowth and Pittsburgh, PA). Every brain section was collected, with axonal regeneration in the injured adult rat spinal cord.
three sequential sections being placed on each slide.
MATERIALS AND METHODS
Eight sequential sections of thoracic spinal cord were Animals and Reagents placed on each slide, allowing for multiple sections of the injury epicenter, as well as sections rostral and cau-All reagents were obtained from Sigma (St. Louis, dal to the epicenter on a single slide. MO) unless otherwise stated. Animal experimentation followed NIH guidelines and was conducted with the In Situ Hybridization approval of the University of Louisville Institutional
In situ hybridization was used to detect EphB3 Animal Care and Use Committee. Six adult female mRNA in brain and spinal cord sections (35, 44) . EphB3 Sprague-Dawley rats (Harlan Bioscience, Indianapolis, nonradioactive riboprobes were produced as described IN), weighing 250-270 g, were used. previously (35) . pBluescript (Stratagene, LaJolla, CA) Surgical Procedures containing EphB3 cDNA, encoding a unique 680-base pair fragment from the extracellular domain (amino Rats were anesthetized with 37.5 mg/kg ketamine-HCl (Abbott Laboratories, North Chicago, IL) and 5 mg/ acids 268-491), was linearized with HindIII or EcoRI for sense and antisense riboprobes. Riboprobe synthesis kg xylazine (The Butler Company, Columbus, OH). A dorsal incision was made to expose the T10 vertebra.
was done by in vitro transcription with T7 or T3 polymerase (Promega Corp., Madison, WI) for the sense or Control (sham operated, n = 3) rats had a dorsal laminectomy at the T10 vertebra and then the muscle and antisense riboprobes, respectively. The probes were purified on a TE midi select G50 spin column (5 Prime-3 skin incisions were sutured. When the tissue was processed, the area of the spinal cord exposed by the lami-Prime Inc., Boulder, CO), checked on denaturing agarose gel, and specificity was determined by Northern nectomy was considered the epicenter while tissue 1 cm away from the laminectomy was considered rostral and blot. Sections were incubated overnight at 55°C in a hu-caudal, respectively. Injured (n = 3) rats also had a dorsal laminectomy at T10 and the spinal cord (segments midified chamber with 300 µl of hybridization buffer containing 75 ng of digoxigenin-labeled EphB3 anti-11/12) was completely transected using iris scissors. The muscle and skin incisions were sutured. Lactated Ring-sense or sense riboprobes. Sections were then incubated with alkaline phosphatase conjugated anti-digoxigenin er's solution (6 cc) and the antibiotic Cefazolin (0.1 cc/ 100 g, Eli Lilly & Co., Indianapolis, IN) were adminis-antibody (1:5000; Roche, Indianapolis, IN) at room temperature for 1 h. Development in 400 µl of nitro blue tered subcutaneously to both treatment groups. The injured rats' bladders were expressed twice daily and 4-6 tetrazolium chloride (NBT: 3.4 µl/ml of 100 mg/ml 70% N,N,-dimethyl formamide) and 5-bromo-4-chloro-3-cc lactated Ringer's solution was administered subcutaneously as necessary to both treatment groups. Cefazolin indolyl phosphate (BCIP: 3.5 µl/ml of 50 mg/ml N,N,dimethyl formamide) in alkaline phosphatase substrate was administered for 3 days postoperatively. After surgery, all rats were housed individually on absorbent bed-solution was at room temperature overnight in a dark humidified chamber. Development was stopped by ding and cages were placed on a 37°C heating blanket to prevent hypothermia. Animals survived 7 days after washing sections in double distilled H 2 O followed by To identify the location of the membrane-bound ligands that bind EphB3-ephrin B1, B2, and B3 in de-Immunohistochemistry creasing order of affinity (40)-a receptor affinity probe Tissue sections were dried at room temperature for in situ staining (RAPIS) was used (16, 20, 43) . RAPIS 30-60 min, washed with PBS, and postfixed in 4% PFA uses a soluble EphB3-human immunoglobulin Fc fusion for 10 min. Following washing with PBS, the sections protein to bind the available ligands. Sections were dried were treated with a target unmasking factor (Accu-TUF:
at room temperature for 30-60 min, washed in PBS, and Accurate Chemical and Scientific Corp., Westbury, NY) blocked with HBTSA (0.05% sodium azide, 0.5 mg/ml according to the manufacturer's directions. The sections BSA, 20 mM Tris, pH 7.4, 3% sheep serum, 0.1% Triwere washed with PBS. Quenching of endogenous perton X-100 in Hank's medium) for 60 min at room temoxidase background staining was done by incubating the perature. After removal of the blocking solution, EphB3sections in 0.3% hydrogen peroxide (H 2 O 2 )/methanol at Fc (10 µg/ml; R&D Systems, Minneapolis, MN) in room temperature for 30 min. Sections were washed blocking solution was applied to the sections overnight with PBS and then incubated in a humidified chamber in a humidified chamber at 4°C. The sections were exat room temperature for 1 h in blocking solution (30% tensively washed with PBS followed by fixation with goat serum in PBS/0.1% Tween 20). The sections were 4% PFA for 15 min at 4°C. After washing the sections incubated with a polyclonal EphB3 primary antibody with TBS, the sections were incubated at 67°C for 15 (MDK5; 1:5000, kindly provided by Thomas Ciossek, min (in TBS) and then blocked with HBTSA/PBS (1:1) Max-Planck-Institut for Biochemistry, Martinsried, Gerfor 30 min at room temperature. The blocking solution many) in blocking solution overnight at 4°C. The tissue was removed and the sections were incubated with alkasections were washed with PBS/0.1%Tween 20. Two line phosphatase-conjugated anti-human IgG-Fc-specific hundred microliters of goat anti-rabbit IgG secondary antibody (1:250) in HBTSA/PBS for 60 min at room antibody (1:200, Elite ABC kit, Vector Laboratories, temperature. After washing with TBS, the sections were Burlingame, CA) in PBS/0.1% Tween 20 was applied to developed in NBT/BCIP solution and mounted as dethe sections overnight at 4°C. After washing the sections scribed for the in situ hybridization procedure. Negative with PBS/0.1% Tween 20, they were incubated in ABC controls consisted of either EphB3-Fc fusion protein presolution (according to the manufacturer's instructions) absorbed with ephrinB1-Fc fusion protein (R&D Systems) at room temperature for 3 h. The tissue was developed in equal amounts (10 µg/ml) or a direct competition bein a solution containing 10 mg 3,3′-diaminobenzidine tween the alkaline phosphatase-conjugated anti-human tetrahydrochloride/20 ml Tris-buffered saline (TBS), pH IgG-Fc and nonconjugated anti-human IgG-Fc. 7.5, 0.025% NiCl 2 , and 7.5 µl H 2 O 2 . Development was Data Analysis stopped by washing the tissue sections with TBS. Sections were air dried overnight, dehydrated, cleared with Light microscopy was used to qualitatively evaluate staining in both control and injured tissue. For each rat, xylenes, and coverslipped. As a negative control, select sections were incubated with primary antibody (1:5000) all sections were visually examined and regions with staining above the background levels (negative control) that had been preabsorbed against a peptide encoding the carboxyl-terminal of the EphB3 protein (the portion were considered positive. A group was considered to have positive staining in a CNS region if all the rats in used as the antigen to generate the antibody).
For double label immunostaining with EphB3 and that group had staining within that region. Images were captured with an Optronic 3 chip CCD camera mounted glial fibrillary acidic protein (GFAP), spinal cord sections were dried, washed, postfixed, and TUF treated as on a Zeiss Axioskop microscope (Carl Zeiss Inc., Thornwood, NY) and Scion Image (www.scioncorp.com) soft-described above. After blocking (see above) for 1 h, EphB3 . Hybridization with the sense riboprobe showed no staining at the epicenter of injured rats (B, inset). At the epicenter (T10), EphB3 protein was detected at low levels in the gray matter of control rats (C, E) while injured rats had elevated EphB3 immunostaining (D, F). Rostral to the epicenter, the ventral white matter in control rats had sparse antibody staining (G) compared with injured rats, which had robust positive staining (H). Most immunopositive cells in the injured rat had a radial glial morphology (H, inset). Scale bars: 100 µm.
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The background optical density was subtracted from the tistical comparison of the two groups was done by oneway analysis of variance (Systat, SPSS Science, Chi-optical density of each section to give a relative optical density value for each section. The relative optical den-cago, IL). sity of multiple sections (two for spinal cord and three RESULTS for raphe pallidus) from each rat was used to calculate EphB3 mRNA and Protein Expression in Spinal Cord a mean relative optical density value for each rat. This mean relative optical density for each rat was used to
The spinal cord of injured rats had an upregulation of EphB3 expression (12.9-and 4.9-fold increase for determine the mean (±SD) of each treatment group. Sta- mRNA and protein, respectively) at the injury site (epi-injury site appeared to have more robust EphB3 antibody staining than seen in the caudal portion of the in-center, T10, segments 11/12), as determined by densitometry ( p = 0.033 for mRNA and p = 0.011 for pro-jury site. Further, dorsal/ventral white matter spinal cord tissue rostral from the epicenter showed sparse EphB3 tein), compared with controls. At the epicenter, control rats expressed low levels of EphB3 mRNA (Fig. 1A) or antibody staining (Fig. 1G ) in control rats while injured rats had high levels in the dorsal/ventral white matter protein (Fig. 1C, E) while injured rats had high levels of expression ( Fig. 1B, D, F) . The rostral portion of the (Fig. 1H ). Positively stained cells in injured rats had a morphology indicative of the radial glial cells normally EphB3-expressing cells in control rats formed a compact and localized region of staining compared with cells in found in the spinal cord white matter and coexpressed the astrocytic marker, GFAP ( Fig. 2A-C) . Rats in both injured rats, which were scattered with a diffuse staining pattern (Fig. 3 ) and a neuronal morphology (Fig. 3E, F) . control and injured treatment groups had EphB3 expression in ventral root axons (Fig. 2D) .
Other supraspinal nuclei in the control and injured adult rats (Fig. 4 ) also expressed EphB3. Control (Fig. 4A, D , EphB3 mRNA and Protein Expression E, G, H) and injured (Fig. 4C , F, I) rats had similar in Supraspinal Nuclei levels and patterns of EphB3 protein expression in the locus coeruleus, vestibular, and red nuclei. Several supraspinal brain stem nuclei expressed EphB3 to varying degrees ( Figs. 3 and 4 ). EphB3 mRNA ( Fig.  EphB3 Ligand Expression 3A, B) and protein ( Fig. 3C-F) were expressed in the raphe pallidus of control and injured rats. Several of the To further understand the functional expression of EphB3, we evaluated the localization of its binding li-injured rats appeared to have stronger EphB3 mRNA and protein expression ( Fig. 3B, D) than control rats gands, ephrin B1, B2, and B3, using an EphB3-Fc fusion protein.
In the spinal cords of both groups, ligand ex- (Fig. 3A, C) , but densitometry measurements of these groups indicate that these differences were not statisti-pression was prominent in the ventral gray and white matter at both the epicenter (T10) (Fig. 5A, B ) and ros-cally significant ( p = 0.56 and p = 0.259, respectively). tral portions of the cord (Fig. 5C, D) . Control and in-rats, the locus coeruleus was also heavily stained ( Fig.  6C) , while both the vestibular and red nuclei were more jured rats had similar levels of staining as determined by densitometry ( p = 0.54). Negative controls, consisting of moderately stained (Fig. 6D, E, respectively) . preabsorbed EphB3-Fc fusion protein or nonconjugated DISCUSSION anti-human IgG-Fc, showed no staining (data not shown).
Supraspinal brain stem nuclei of control ( Fig. 6A ) After complete transection spinal cord injury (SCI), expression of EphB3 increases in the spinal cord. EphB3 and injured (Fig. 6B ) rats had positive staining in the raphe pallidus. No differences were observed in pattern, expression increased in the white matter at both the epicenter and rostral spinal cord. In contrast, Miranda et al. cell number, or intensity. In both control and injured (35) 
demonstrated that EphB3 expression in the white
In addition to Eph molecules being affected by injury, other molecules that are inhibitory for axonal re-matter after a contusion injury changed only at the epicenter. This difference may be due to the severity of the generation and originate from both myelin (7, 9, 33, 45) and nonmyelin (12, 29) sources show upregulated ex-complete transection injury compared with the moderate contusion injury in the previous work. Other data have pression in the injured spinal cord. Obviating this nonpermissive environment is necessary to enable function-shown that the Eph receptors EphB2, EphA3, and Eph A4 are also upregulated after SCI (6,54). In addition, ally relevant axonal regeneration and/or sprouting and will likely require the inhibition of multiple proteins. other types of neuronal injuries, such as neuronal death in the hippocampus due to intrahippocampal kainate in-Recent work has demonstrated that preventing inhibitory molecules from interacting with their receptors allows jection (36) or optic nerve lesion (28) , also upregulate Eph receptor in adult rats. These data suggest that differ-axons to grow across an injury site in the spinal cord and allows these animals to recover the ability to loco-ent types of injuries to the adult CNS use a common mechanism to change Eph expression. mote (4, 23) . Moreover, all of the spinal cord white matter with the exception of the dorsal columns and dorsal The current work evaluated whether a transection injury to the thoracic spinal cord changed EphB3 expres-corticospinal tract can participate in the control of overground locomotion (30, 31, 46) . It is unlikely that block-sion at both the injury site and supraspinal nuclei that send axons into and through the injury site. EphB3 ex-ing the effects of any single inhibitory protein would result in substantive regeneration of all of these path-pression significantly increased in the spinal cord after injury. One possible source of the increased expression ways. Each pathway is likely to have multiple partners that restrict its functional sprouting and/or regrowth. The of Eph molecules in the spinal cord appears to be glial cells, because the increased EphB3 expression was in expression patterns of the Eph and ephrin family members clearly indicate their potential to be involved in in-GFAP-positive cells with a radial glial morphology. Although there was a trend towards increased expression hibiting axonal regeneration after SCI and support the need to directly test this hypothesis. of EphB3 in the raphe pallidus, other supraspinal nuclei, including the locus coeruleus, vestibular, and red nuclei, in the same manner as EphB3. We were unable to detect
